The fruit quality traits and the phytochemical content of blueberries are of increasing importance to researchers in the field of food and health and important breeding objectives. OBJECTIVE: The aim of this study was to gain preliminary information on parent's performances and variation of the fruit traits and phytochemicals from a small breeding population. METHODS: The breeding population was from a 3 × 4 factorial mating design, 120 seedlings in total. The fruit traits evaluated were weight, colour, pedicel scar size and firmness and the phytochemical composition included the total anthocyanin and phenolic contents and total antioxidant activity. RESULTS: Variation was found for all the traits studied in all families, with low genetic correlations between fruit traits, high correlations between phytochemicals and negative correlations between fruit weight and phytochemicals. CONCLUSIONS: Breeding population size was small and the lack of replication has influenced the statistical approach. From our observations we found 'Hortblue Petite' potentially an excellent parent for phytochemical traits.
Introduction
Improvement in fruit quality is a major breeding objective for the Plant & Food Research (PFR) highbush blueberry (Vaccinium corymbosum L.) breeding programme, along with other horticultural traits such as yield and disease resistance. Important components of blueberry fruit quality that have been targeted for breeding include berry weight and colour, pedicel scar size and fruit firmness. Although these fruit traits are commercially important, they are not the sole focus of our breeding programme. The health attributes of berryfruit, particularly those of blueberry, are also becoming increasingly of interest to consumers.
Blueberries are regarded as "superfruits", which are thought to provide many health benefits beyond nutrition [1, 2] . Polyphenolic compounds are thought to be the major health-promoting compounds in plant foods, because they are potent in vitro antioxidants and more recently, many other potential health benefits have been found that are unrelated to antioxidant capacity. These benefits include reduced incidence of cardiovascular disease, diabetes and cancer [2] [3] [4] , as well as mechanistic properties that contribute to the epidemiological benefits, such as management of inflammation [2, 3] , stimulation of antioxidant and xenobiotic [4] metabolising enzymes (thus reducing DNA and protein damage by free radicals and toxicity of xenobiotics) and augmentation of the effects of exercise [5, 6] . Anthocyanins are the major polyphenols in blueberries and this group of phytochemicals is thought to be responsible for many of the health benefits of berry consumption [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . This considerable interest in anthocyanins and health has resulted in a drive to breed, or find naturally, new blueberry cultivars with ever higher anthocyanin content, in addition to the usual requirements of commercial cultivars such as yield, taste, disease resistance.
Anthocyanins, which provide blueberry with their characteristic colours, vary in their quantity and composition among genotypes [17, 18] .
In this study, we consider the total anthocyanin content of blueberry fruit as part of the phytochemical composition of the berries alongside with the total phenolic content and the total antioxidant activity of the fruit.
The aim of this study was to gain preliminary information on variation of the fruit traits and phytochemicals previously described in a small breeding population (120 seedlings) of highbush blueberry derived from a factorial mating design of twelve parents (3 × 4). Parent's performances were observed to achieve an understanding of their ability to pass on their traits to their progenies.
Materials and methods

Plants and sampling
Twelve families of highbush blueberry from a 3 × 4 factorial crossing plan were established at the Wilhelm Dierking Beerenobst in Gilten, Germany (52 • 47 N 9 • 7 E) in family blocks of ten seedlings each (single block of 10 seedlings per each family, 120 seedlings in total). The mating design included three female parents ('Duke', 'Reka' and 'Sharpblue') crossed with four male parents ('Brigitta Blue', 'Elizabeth', 'Hortblue Petite' and 'Star'). Except for 'Hortblue Petite', the rest of the parents used in this mating design are cultivars widely cultivated around the world for their yields, fruit quality and storage and seasonality in fruit harvest. Altogether the cultivation of the seven parents offers and extended berry harvest season at the Wilhelm Dierking Beerenobst from early ('Star', 'Duke' and 'Reka'), to mid season ('Brigitta Blue', 'Sharpblue' and 'Hortblue Petite') to late season ('Elizabeth'). 'Hortblue Petite' is an ornamental variety released by PFR which has shown consistently high phytochemical compositions according to previous evaluations [19] .
Parental plants were growing in an adjacent field to the seedling blocks, in single plot of three plants.
Fully ripe fruit were collected from each seedling and parent during summer 2009, when seedlings were 4 years old and when 40-70% of the fruit on the plant were ripe (single harvest of 100-200 g). Fruit traits were recorded within 2 hours from the harvest.
Fruit weight (FW) was recorded on a 20 fruit sample per plant. On the same fruit sample, fruit colour (C), pedicel scar size (PSS) and firmness (F) were scored using a 1-9 rating scale with 1 being very poor (dark colour, large scar, soft) and 9 being exceptional (light blue colour, small scar size and firm). Scores of 6 or above indicated acceptable fruit quality, and similar scales were in use by other researchers [20] [21] [22] .
Phytochemical assessments
A further 50 to 100-g fruit sample per plant was collected and stored at −20 • C before shipping at Università Politecnica delle Marche (Italy) for the analyses of their phytochemical compounds content. A 10 g sub-sample was taken and placed in a tube for alcohol extraction by the method described in Scalzo et al. [23] . The phytochemical composition was assessed on the resulting fruit extracts by measuring the total anthocyanin content (ACY), the total phenolic content (TPH) and the total antioxidant activity (TAA).
ACY was measured by the pH differential shift method [24] . The results were expressed as mg cyanidin-3-glucoside equivalent/100 g FW.
TPH was evaluated by the Folin-Ciocalteu's reagent method [25] using gallic acid as the standard for the calibration curve, and results were calculated and expressed as mg gallic acid equivalent/g FW.
The TAA was assessed by the ferric reducing antioxidant power (FRAP) method based on that reported by [26] and modified by [27] and measured as mol Trolox equivalent/g FW.
Statistical methodology
Data were analysed using restricted maximum likelihood procedures. Univariate mixed models were fitted, with the parental cultivars as fixed effects and parents (i.e., female and male half-sib values) plus full-sib family values as random effects. Parental (sib) effects were modelled as N(0, Aσ A 2 ), where A is the numerator relationship matrix and the additive genetic variance, σ A 2 , was estimated for female and male parents separately. Best linear unbiased predictors (BLUP) were used to estimate the empirical breeding values (eBV) of the parents, and these were compared with the values obtained for the parents harvested from an adjoining area. All statistical analyses and graphics were made using R 2.10.1 [28] and the mixed modelling procedures using the ASReml package [29] .
Results and discussion
None of the seven parents we used in our mating design had all the desirable fruit traits. In our factorial mating design, parents were mated in a way to avoid degrees of inbreeding per each cross combination. The calculation of coancestries is shown in Table 1 and in our mating scheme they were low overall (0.18 being the highest between the female parent 'Reka' and the male parent 'Star'). A higher degree of inbreeding would have been present if the female parents 'Reka' and 'Duke' had been reciprocally crossed (coancestry value 0.21) and if every parent was crossed with itself (coancestries ranged between 0.50 and 0.60, Table 1 ).
The population size was smaller than ideal, with single replication and single year evaluation to make strong statistical evaluation and conclusions. Thus we report our observations on parents as estimate of their empirical breeding values (eBV) (Table 2a) , factors affecting variance as percentage of the single factor compared to the total variation (Table 2b) , mid parent values and families as averages ( Table 3) .
The three female parents had similar eBVs for FW, TAA and TPH (Table 2a) and overall the female factor led to 0% of the total variance for these traits (Table 2b) .
There were differences in eBVs amongst the three female parents for C, PSS, F and ACY however the female parent accounted only for the 2% of the total variation for PSS (Table 2b) . In contrast, there were large differences in eBVs amongst the four male parents for all the traits although the variance attributable to male parent compared with the total variance was low for C and PSS, 17% and 7% respectively (Table 2b) .
The variance attributable to the family was overall low for all the traits with TPH being the highest (13%) while the variance relative to the residual was high in particular for PSS (88%).
Variation amongst families was found for all fruit traits, and mid parent values, family averages and min and max value within each family are reported on Table 3 .
For those traits where female parents had similar eBVs (FW, TAA and TPH) the mid parent value was influenced by the male parent eBV. 'Elizabeth' had the highest eBV for FW (Table 2a ). The mid parent value and the family averages when this cultivar was used as the pollen donor were also high for FW (Table 3) . In contrast, 'Hortblue Petite' was the male parent with the lowest eBV for FW (Table 2a ) and the mid parent value and the family averages when this cultivar was used as pollen donor were also low (Table 3) .
Fruit weight is generally considered to be a highly heritable trait across most fruit crops, which suggested that by crossing highbush blueberry parents with large fruit such as 'Elizabeth', the breeders could gain significant progress in selecting for this individual trait.
The eBVs for C were at least acceptable (6 or more) for all the parents except 'Brigitta Blue' (5.8). Mid parent values and family averages from 'Brigitta Blue' crosses were variable and the family derived from the 'Brigitta Blue' × 'Reka' cross had the lowest mean values ( Table 3) .
The eBVs for PSS were variable among parents and for the parents 'Duke', 'Elizabeth' and 'Hortblue Petite', the estimate values were not acceptable (below 6). Mid parent values for those families involving the three parents were low compared with those from other cross combinations. The family averages for PSS were variable between crosses and did not reflect the mid parent value.
eBVs for F were variable among parents, ranging between 5 and 7.1 ('Hortblue Petite' and 'Star' respectively). Mid parent values for F in those families where 'Hortblue Petite' was used as the pollen donor were low compared those for other male parents, and family averages were also low, as found for FW. Mid parent values in those families where 'Star' was used as the male parent were high, and similarly family averages were also high. Table 3 Mid parent value of the parents (mP val), family averages and range (min-max) of phenotypic data collected during summer 2009 for ten blueberry seedlings from each of 12 families from a 3 × 4 factorial crossing trial Table 4 Genetic correlations between blueberry fruit traits and phytochemicals. Significant correlations are Parental eBVs for TAA, ACY and TPH were high for 'Hortblue Petite' and low for 'Star'. Mid parent values and family averages in families where these two cultivars were used as the male parent reflected the eBVs.
The cross combinations with 'Hortblue Petite' as the pollen donor were the ones with the highest mid parent values for the phytochemical traits (Table 3 ) and high family averages could confirm that in highbush blueberries, parental performance can be used as a good indicator of progeny performance, as already discussed by different authors [21, [30] [31] [32] [33] .
Previous reports suggest that the genetic variation and the inheritance of fruit traits and phytochemicals of fruit vary amongst the different cross combinations [22, 30, 33] .
Genetic correlations among all the variables on a genotype mean basis for the 120 offspring are shown in Table 4 . Low correlations were found between fruit traits (0.03 between FW and C being the lowest, and 0.29 between FW and F being the highest). High and significant correlations were found between all phytochemicals (0.75 between TAA and ACY being the lowest, and 0.88 between TAA and TPH being the highest), suggesting that either method could be used to assess the presence of those compounds in fruit. The strong and positive correlations between the total anthocyanins, total phenolics and antioxidant activity are also reported by other authors [34] [35] [36] [37] [38] .
A negative and significant correlation was found between FW and ACY (Table 4) , which could make pursuing a selection for fruit suitable for hand harvesting based solely on fruit size undesirable, because it could have a negative effect on fruit ACY. Similarly, negative and significant correlations were found between FW and TAA (−0.48), and between FW and TPH (−0.50). In the blueberry samples analysed in this work, anthocyanins were mostly concentrated in the berry skin and evidences of V. corymbosum berry skin rich in anthocyanins was found by Lee [39] . Therefore when comparing the same quantities of fruit from samples which have different sized fruit, the small sized fruit will offer a relatively higher skin area and consequently more anthocyanins.
ACY with TAA and TPH also had negative correlations with PSS and F but not significant, suggesting that the response to selection could be slow for these traits and phytochemicals if selected together (Table 4) .
Anthocyanins are also the compounds responsible for the blueberry fruit colour. In our assessment, we evaluated the colour when the berry was harvested and intact, with its bloom wax covering the fruit. The waxy coat on the fruit contributed to the perceived fruit colour and according to our results was independent from ACY ( Table 4) . Low genetic correlation was also found between C and the other phytochemicals.
In previous reports on highbush blueberries, crosses with one or both parents having light blue fruit produced many progeny with light blue fruit [21, 40, 41] . Edwards et al. [21] reported a moderate narrow-sense heritability estimate of 0.58 for colour, although year-to-year environmental variation resulted in inconsistent scoring. They concluded that parents chosen for their bright fruit colour should transmit the desirable colour characters to their progenies.
Even though little genetic variation was observed for PSS in several studies, including ours [41] [42] [43] , certain parents have been noted for producing progenies with superior scars [21, 40, 44, 45] . Edwards et al. [21] reported low heritability for scar (0.29); however, they concluded that genetic gain should also be obtained for this character, although the rate of gain would not be expected to be as rapid as for traits possessing high heritabilities, such as fruit size.
In previous reports, highbush blueberries were found to be variable in fruit firmness [21, 22, 41, 46] . Draper [46] rated 84% of the seedlings derived from V. corymbosum to have acceptable firmness, while Johnston [41] found that the proportion of seedlings with acceptable firmness from crosses among acceptable highbush parents ranged from 16% to 63%. While these historical studies are valuable, one of the challenges current breeders face is the fact that expectations of what is acceptable by the industry for fruit firmness are much higher now than they were in the past due to global distribution of fresh fruit.
Connor et al. [30] reported a moderate heritability for total anthocyanin content of 0.56, which indicates that selecting parents on the basis of their observed anthocyanin content should be moderately successful. Experimental design to account for sources of variability in anthocyanins, such as cultural conditions [47] , year [34] , fruit maturity [48] , and storage conditions [49, 50] , should increase the heritability.
Conclusions
Although the population size was smaller than ideal and single replication and single year evaluation made the statistical approach difficult, we have improved our basic understanding of the feasibility of breeding for the traits of interest from the variation present in our population and from the parent's performances in passing on their traits to their progenies.
We have gained knowledge of the performances of 'Hortblue Petite' as a potentially excellent parent for fruit phytochemical triats. The cross combinations with 'Hortblue Petite' as the pollen donor were the ones with the highest mid-parent values and high family averages for all the phytochemical traits. 'Hortblue Petite' also seems to pass on small fruit size to its progeny and a simultaneous strong selection pressure for fruit size may be necessary to identify the transgressive segregants that have high phytochemical levels and large fruit size.
High and significant correlations were found between phytochemicals which suggests that either method could be used to assess the presence of those compounds in fruit and measuring more than one of them will not be necessary in future studies to identify the seedlings that would have the highest levels of these compounds.
Although scoring system to assess fruit traits is widely used by different authors, we found scoring PSS unreliable in our study and we will explore the use of an alternative method to measure objectively the pedicel scar size of blueberry.
